variation of the cavity coupling. Figure 4 shows the effective cooperativity thus extracted at an antinodeh versus 〈n c 〉. Because the control Rabi frequency is given by W c ¼ 2g ffiffiffiffiffiffiffiffiffiffiffiffi ffi n c þ 1 p , we expect a linear dependence ofh on 〈n c 〉 with a slope m equal to the y-axis intercepth 0 . A linear fit to the data for 〈n c 〉 > 2, where the atominduced cavity line broadening has negligible effect, yields m = 3.7 T 0.1,h 0 = 5 T 1, and the ratioh 0 /m = 1.4 T 0.3, in reasonable agreement with the model that predicts m =h 0 = f eg h 0 = 3.4. The upper inset shows the peak transparency Q versus 〈n c 〉. The transparency is defined as Q = (T´− T )/(1 − T ), where T´(T ) denotes the resonant transmission with (without) the control field, and T = exp(−N ) = 0.67. This plot shows that a substantial transparency increase over the vacuum-control level already occurs for one intracavity photon. In the future, it should be possible to use this effect in such applications as nondestructive measurement of the intracavity photon number (20, 21).
variation of the cavity coupling. Figure 4 shows the effective cooperativity thus extracted at an antinodeh versus 〈n c 〉. Because the control Rabi frequency is given by W c ¼ 2g ffiffiffiffiffiffiffiffiffiffiffiffi ffi n c þ 1 p , we expect a linear dependence ofh on 〈n c 〉 with a slope m equal to the y-axis intercepth 0 . A linear fit to the data for 〈n c 〉 > 2, where the atominduced cavity line broadening has negligible effect, yields m = 3.7 T 0.1,h 0 = 5 T 1, and the ratioh 0 /m = 1.4 T 0.3, in reasonable agreement with the model that predicts m =h 0 = f eg h 0 = 3.4. The upper inset shows the peak transparency Q versus 〈n c 〉. The transparency is defined as Q = (T´− T )/(1 − T ), where T´(T ) denotes the resonant transmission with (without) the control field, and T = exp(−N ) = 0.67. This plot shows that a substantial transparency increase over the vacuum-control level already occurs for one intracavity photon. In the future, it should be possible to use this effect in such applications as nondestructive measurement of the intracavity photon number (20, 21) .
We have demonstrated that a vacuum field can generate a transparency window in an ensemble of three-level atoms and observed the associated group delay. By using a cavity-enhanced control field, we could substantially modify the transmission of an atomic ensemble with~10 control photons. We also note that two probe beams, even when passing through spatially separated regions of the atomic ensemble, should influence each other's group velocity through the common interaction with the cavity mode, paving the way to cavity-mediated strong photon-photon interaction and quantum gates (1, 2) . In such a geometry, the technical roadblocks associated with both cavity-coupling losses (2, 6, 7, 9) and motional and state control of single atoms (8, 29) are bypassed. More generally, this work offers the prospect of strongly nonlinear, multimode quantum optics, with a realistic outlook for advanced quantum devices operating coherently with single photons.
Measurement of coupled quantum systems plays a central role in quantum information processing. We have realized independent single-shot read-out of two electron spins in a double quantum dot. The read-out method is all-electrical, cross-talk between the two measurements is negligible, and read-out fidelities are~86% on average. This allows us to directly probe the anticorrelations between two spins prepared in a singlet state and to demonstrate the operation of the two-qubit exchange gate on a complete set of basis states. The results provide a possible route to the realization and efficient characterization of multiqubit quantum circuits based on single quantum dot spins.
F
or the efficient implementation and characterization of quantum information protocols, the ability to measure multiple qubits individually and in a single-shot manner is crucial (1, 2) . The key reason is that output states are often entangled quantum superpositions. If only one qubit is read out after every protocol run, the protocol must be repeated to measure successive bits, the superposition may collapse to a different state after every run, and correlations between the bits will possibly be lost. Joint measurements that require averaging over many runs pose similar problems, as various collapses contribute to the result. In contrast, independent single-shot measurement of all qubits gives full information from one collapse, which means that information contained in the (quantum) correlations can be obtained in the measurement.
A promising platform for realizing quantum protocols is provided by spins in the solid state, as they are well-isolated from the environment yet can be well controlled (3, 4) . Spin detection has been pushed to the single-spin level with the use of magnetic resonance force microscopy (5), scanning tunneling microscopy (6, 7), optical spectroscopy (8) (9) (10) , and transport spectroscopy (11) (12) (13) .
Single-shot read-out of individual spins requires accumulation of a signal sufficiently strong to distinguish two spin states before the spin decays. Electrical single-shot read-out of a single electron spin has been realized in gate-defined quantum dots (14, 15) and for a P impurity in Si (16) . Optical single-shot read-out was achieved for a nuclear spin next to a diamond nitrogenvacancy center (17) and for an electron spin in a self-assembled quantum dot (18) . On twoelectron systems, electrical single-shot read-out has been demonstrated as well (19, 20) , but only one bit of information was obtained on the joint state of the two spins.
Extending existing methods to independent read-out of two spins is not trivial: (i) Measurement of the first spin must be sufficiently noninvasive to allow subsequent measurement of the other. (ii) Independent read-out requires a vanishing coupling between the two spins, whereas a finite coupling is required for universal control of the spins. (iii) While the first spin is being measured, the second spin is subject to relaxation, which places tight restrictions on the read-out duration, hence the signal-tonoise ratio.
Here we demonstrate independent single-shot read-out of two electron spins in a double quantum dot, show that there is negligible cross-talk between the two measurements, and probe the correlations between the respective measurement outcomes for a variety of input states. The readout allows us to demonstrate and benchmark the operation of the two-qubit exchange gate on a complete set of input states.
Our double quantum dot is formed by using Ti/Au surface gates to locally deplete a two-dimensional electron gas 90 nm below the surface of a GaAs/(Al,Ga)As heterostructure (Fig.  1A, inset) . We tune the device to the few-electron regime ( Fig. 1A ) and adjust the tunnel coupling between the dots and to the leads via the gate voltages. In all measurements, the inter-dot tunnel coupling ranges from 2 to 8 meV, determined by microwave spectroscopy (21) . Quantum point contacts (QPCs) on both sides of the structure allow us to monitor the charge occupation of the double dot. We used room-temperature IV converters to record the current from the left and right QPCs (I L;R QPC ), and we monitored it in real time (22) so that individual electrons can be seen to leave and enter the dots. To set the electrochemical potentials in the left and right dot independently, we used combinations of voltages on gates left plunger (LP) and right plunger (RP), which compensate for capacitive cross-coupling. An in-plane magnetic field B ext = 6.5 T is applied to split the spin-up (↑) and spin-down (↓) energy of both electrons by the Zeeman energy (E Z ≈ 130 meV) defining a qubit in each of the dots. The electron temperature is typically 250 mK.
The read-out protocol consists of two steps ( Fig. 1 , B and C). Starting with one electron in each dot, the spin in the right dot is read out by applying a gate voltage pulse, which lines up the chemical potentials for spin-up and spin-down just below and above the Fermi level in the reservoir (position 1 in Fig. 1, A and B) . A spin-up electron will then remain in the dot as it does not have enough energy to reach the unoccupied states in the reservoir, but a spin-down electron will tunnel out; soon afterwards, the dot will be refilled with a spin-up electron (14) . Throughout this process, the QPC current is monitored. From a flat QPC response, we infer the electron was ↑; if the response shows a step, we conclude the electron was ↓ (Fig. 1C) [see supporting online material (SOM) text for details on the threshold analysis]. Subsequently, the spin in the left dot is read out in a similar manner (position 2 in Fig. 1 , A and B) (23) .
Each single-shot measurement trace contains two segments, reflecting the spin states of the right and left dot, respectively (Fig. 1C) . Because we can read out both spins starting from the same state preparation, the measurement protocol achieves independent single-shot read-out of two solid-state spins. By construction, the read-out protocol resets both qubits to ↑.
As a first test of the measurement protocol, we inject a random spin in each of the dots by emptying the dot and then rapidly pulsing the levels down (Fig. 1D) . We then wait in the (1,1) charge region for a variable time and read out both spins. Repeating these steps, we collect statistics and determine the two-spin probabilities P ↑↑ , P ↑↓ , P ↓↑ , and P ↓↓ . As expected because of relaxation at low temperature, the ground-state probability P ↑↑ increases exponentially, at the expense of the three other probabilities (Fig. 1E) . Given the injection of random spins in each of the dots [the actual probability for injecting spindown is typically only 25 to 30%, depending on where the electrons are injected (24) ], the probabilities should not display any correlations. Indeed, the products of the single-dot probabilities-for example, P L ↓ ¼ P ↓↑ þ P ↓↓ -overlap with the corresponding two-spin probabilities (circles versus crosses in Fig. 1E ), as expected for uncorrelated spins.
Correlations between the states of the two spins are induced when after injection of random spins in (1,1), we pulse into the (2,0) charge region for a variable time ( Fig. 2A) , during which relaxation to the (2,0) spin-singlet ground state will take place. When we subsequently separate the two electrons by pulsing into the (1,1) charge region and measure both spins, we see that correlations build up in the measurement outcomes consistent with singlet preparation [random local nuclear fields may dephase the singlet, but the antiparallel correlations survive (25) ]: Whenever measurement of the left dot gives a spin-up outcome, measurement of the right dot most likely gives spin-down, and vice versa (Fig. 2B) .
The (anti-)correlations are further elucidated by comparing the four two-spin probabilities (circles in Fig. 2B ) with the product of the respective single-spin probabilities (crosses). For each spin by itself, the spin-down probability is ideally 1/2. However, the joint probability for ↓↓ is not 1/2 × 1/2 = 1/4, but instead 0. This gap between circles and crosses develops in Fig. 2B as the singlet probability increases. The deviation from the ideal values is quantitatively understood on the basis of the estimated read-out fidelities (gray lines, see below and SOM text). This demonstrates that the joint single-shot read-out allows us to directly probe correlations between two spins.
We next examine whether the read-out of both spins is truly independent, in the sense that the measurement outcome of one spin is not influenced by the measurement and/or the state of the other spin. First, with proper alignment of the respective chemical potentials (Fig. 1B) and sufficiently small QPC bias (typically 400 meV) (26), one electron stays in its dot while the other is being measured. A more subtle possible crosstalk effect is that the second dot will not be lined up in the proper read-out configuration if the first dot is empty (due to the cross-capacitance). We therefore discard those traces (here, <5%) where the right dot was emptied but not refilled during the first read-out stage (see SOM text and fig. S2 ).
The most relevant remaining possible origin of cross-talk arises from the tunnel coupling between the dots, which results in exchange coupling of the two spins. To address this issue, we initialize the left spin deterministically in ↑ by waiting sufficiently long in the (1,0) charge region for the spin to relax. Subsequently, we inject an electron with random spin into the right dot, at gate settings for which (1,0) is lower in energy than (0,1) so the left electron stays in its dot while the right electron tunnels in. We observe no decay for the left dot (Fig. 3B) , whereas the right dot shows the usual exponential decay. From the amplitude of this exponential decay compared to the standard deviation of the red data points in 4 . (A to D) Two-qubit exchange gate on a full set of input states. The four panels correspond to four different mixtures of initial states, as indicated, taken with otherwise identical settings. Again, spin-down injection probabilities are below 50%. Gray lines are fits to damped oscillations, including a correction for pulse imperfections. We first fit P ↑↓ in (A) and P ↓↑ in (B) and allow only the amplitude and offset of the oscillations to change for the other probabilities in the respective panel. In (C) and (D), we use the fit parameters of (A) and allow only amplitude and offset to change. The oscillations in (A) and (B) run out of phase with each other for longer wait times. We attribute this to subtle distortions of the pulses arriving at the sample due to the bias tees (22) . (E and F) Visualized theoretical and experimental truth tables for a p rotation and a 2p rotation of the exchange oscillation (details and actual numbers are given in the SOM and fig. S5 ).
www.sciencemag.org SCIENCE VOL 333 2 SEPTEMBER 2011 Fig. 3B , the probability of exchange during the waiting interval between injection and read-out can be bounded to <2% (the read-out positions are at similar detuning, which gives a similar bound on exchange during read-out). Similar results are obtained when the order of the two readout segments is reversed, as well as for other choices of initialization. In all cases, within the limits of our detection, the results confirm independent read-out of the two spins.
Cross-talk through electron-spin exchange is absent because the waiting and read-out positions in the (1,1) region are chosen close to both the (1,0) and (0,1) regions, where the random nuclear fields dominate over the exchange coupling between the spins (25) . Therefore, the energy eigenbasis is ↑↑, ↑↓, ↓↑, and ↓↓, which coincides with the measurement basis (Fig. 3A, left inset) . When we move the position of the waiting interval toward the (1,1)-(2,0) boundary along the green arrow in Fig. 2A , the exchange splitting increases, and eventually the eigenstates are given by the two-electron singlet and triplet states (Fig. 3A) . The effect on the read-out fidelity is visible from Fig. 3C , where the populations of the left and right dots begin to mix if the waiting time is shifted too far or for too long toward the (1,1)-(2,0) boundary (which we took advantage of for creating singlet correlations in Fig. 2B ). Exactly at the boundary between (1,1) and (2,0) (dark blue arrow in Figs. 2A and 3A) we observe an enhanced spin-down probability in both dots for the 10-ms wait time. At this position, the triplet with both spins up (T + ) and the singlet (S) cross and mix on a time scale of hundreds of nanoseconds.
Independent two-spin read-out also permits us to benchmark two-qubit gates. Here, we specifically address the SWAP gate, obtained through half a period of an exchange oscillation of the two spins. This oscillation can be observed by varying the wait time at a point close to the (1,1)-(2,0) boundary (Fig. 3A, right inset) . Exchange oscillations have previously been shown in measurements relying on Pauli spin blockade for detection and state initialization (25) , which suffices to demonstrate a single-qubit gate acting on a S-T 0 qubit (27) . Here, we are able to verify the full operation of the two-qubit exchange gate acting on a set of input states covering the entire two-spin Hilbert space (28) .
When initializing in a mixture of ↑↑ and ↑↓, we clearly observe the oscillation of the ↑↓ probability (Fig. 4A) . Different from all previous measurements (25, 29) , we also obtain the ↓↑ probability, which oscillates in antiphase, as well as the ↑↑ and ↓↓ probabilities, which, as expected, do not vary with exchange time (Fig.  4A) . Similar measurements for three other initial states are shown in Fig. 4 , B to D, in all cases giving the predicted behavior for the evolution under the exchange Hamiltonian. Together these measurements cover a complete set of input states for the two-qubit exchange gate, which allows us to establish a "truth table" (we did not perform process tomography, which requires measurements in different bases), which expresses with what probability the gate maps the four basis states onto each other (Fig. 4, E and F) .
To obtain this truth table, we first need to analyze the read-out fidelities. In the absence of cross-talk, the main processes contributing to read-out errors are that (i) a spin-up electron can tunnel out of the dot due to thermal or other excitations, (ii) a spin-down electron may not tunnel out but instead relax to spin-up and (iii) the dot may refill so quickly after a spin-down electron tunnels out, that the step is not observed because of the finite detection bandwidth. Therefore, we carefully made trade-offs in the QPC bias, analysis threshold, the duration of each read-out, the transparency of the tunnel barriers and the strength of the magnetic field [which affects not only the Zeeman splitting but also T 1 (14, 30) ]. For the (near-optimal) settings of Fig.  4 , we get fidelities of 95.7 T 0.4% and 95.0 T 0.5% for ↑ in the right and left dot, and 77.7 T 0.9% and 78.0 T 4% for ↓ in the right and left dot (see supporting online text for a detailed discussion of the error processes). This gives a read-out fidelity of 86 T 1% on average.
From the data in Fig. 4 , A to D, and the estimated read-out fidelities, we construct the truth table for half a period of the exchange oscillation (Fig. 4E) (SOM text), which should produce a two-qubit SWAP gate. The data shows that the spins are only partly exchanged. To gain more insight into what limits the SWAP fidelity, we also consider the truth table of a full period of the oscillation (Fig. 4F) . This operation ideally corresponds to unity, and the measured map matches this expectation. This suggests that the SWAP fidelity is not limited by fluctuations of the exchange strength, as caused, for instance, by charge noise or gate voltage noise. Instead, the dominant errors may be due to local nuclear fields, which tilt the rotation axis (29) , and the limited rise time of the voltage pulse, which makes the passage from the read-out region to the SWAP operation point and back partly adiabatic. Whereas a more detailed analysis is beyond the scope of this work, the two independent spin read-outs offer a powerful tool for characterizing and benchmarking two-spin gates and for providing guidance to improving gate performance.
The independent single-shot read-out of two spins allows us to directly observe the correlations between two spins initialized in a singlet state and to characterize the full exchange gate between neighboring spins. Cross-talk between the two measurements is negligible. The average read-out fidelity is typically estimated to be 86% and can be substantially improved by implementing more sensitive charge detection (31, 32) or measuring at lower magnetic field (14, 30) , which requires a lower electron temperature or additional dots (33) . Our results suggest that multiplequbit measurement in quantum dots is possible, providing a route for the realization of quantum algorithms and quantum error correction codes with solid-state spins.
